A major diagnostic marker in most rheumatoid arthritis (RA) patients is the rheumatoid factor (RF), an autoantibody that binds to the Fc region of IgG. To delineate the Ig genes and the underlying mechanism for RF production in RA patients, we applied a systematic approach to define the genetic origins of three IgG RFs derived from the synovial fluid of two RA patients. The results show that two of three IgG RF have substantial numbers of somatic mutations in their variable (V) regions, ranging from 13 to 23 mutations over a stretch of 291-313 nucleotides, resulting in a frequency of 4.4-7.8%. However, one IgG RF has only one mutation in each V region. This result indicates that an IgG RF may arise from a germline gene by very few mutations. The mutations occur mainly in the complementarity-determining regions (CDRs), and the mutations in the CDRs often lead to amino acid substitutions. Five of the six corresponding germline V genes have been found to encode either natural autoantibodies or autoantibodies in other autoimmune disorders; and three of the six V genes have been found in fetal liver. Taken together with other results, the data show that (a) several potentially pathogenic RFs in RA patients arise from natural autoantibodies, and (b) only a few mutations are required to convert the natural autoantibodies to IgG RFs. (J. Clin. Invest. 1994. 93:2545-2553
Introduction
Rheumatoid arthritis (RA) is a systemic autoimmune disorder characterized by chronic joint inflammation and destruction ( 1) . About 80% of patients with this autoimmune disorder have a characteristic marker in their sera, termed rheumatoid factor (RF),' an autoantibody that binds to the Fc region of IgG. Studies of RF suggest that it may contribute to immune complex formation, resulting in complement activation, sustaining inflammation, and tissue damage in the rheumatoid synovium (1) .
Since the etiopathogenesis of RA remains unclear, a major effort in RA research has been to determine the Ig variable region (V) gene usage and mutation patterns of RFs, and thus to delineate the induction and sustaining mechanisms for RF production. To date, many monoclonal RFs from patients have been generated and characterized (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . The results show that these patient-derived RFs use a large number of V genes from many different gene families. In addition, by comparing each RF nucleotide sequence to its most homologous sequence, the data suggest that most of these RFs probably derive from an antigen-driven response. However, only a portion of human germline Ig V genes have been identified and characterized (14) (15) (16) (17) . Moreover, recent studies reveal that many human V genes are highly polymorphic (18) (19) (20) (21) (22) (23) . Accordingly, it is important to identify precisely the germline origins of an RF to determine accurately its pattern of somatic mutation.
Previously, we described a systematic approach to define the germline origin of an autoantibody (8) . Considering that the upstream flanking and the intron regions ofa rearranged Ig V gene do not encode amino acid residues, they generally have much less somatic mutations than the coding regions. Moreover, among different members of a V gene family, their upstream flanks and introns are normally more heterogeneous than their coding region counterparts. As such, the sequences in these regions of a rearranged V gene often provide better clues for identifying the corresponding germline V gene. Accordingly, to assess somatic mutations in an IgG RF designated omas were derived respectively from synovial cells of the seropositive RA patients JC and AD. Genomic DNA was prepared from hybridomas, and from leukocytes of patients JC and AD by the standard phenol extraction method.
PCR primers. The upstream primer generally corresponded to the most 5'-end region of a cloned cDNA, derived by anchored PCR, where the sequence was identical to the most homologous germline DNA sequence (such as the halclUls primer in Fig. 1 ; the "U" and "s" denote, respectively, "Upstream" and "sense strand"). Since the shared sequence most likely would be germline, this assured that a primer was not designed over a somatic point mutation. For the Cl light chain, which belongs to the new VX9 gene family (12) , the upstream la9c 1 U ls primer corresponds to the 5'-end region of the Humla9cl cDNA sequence (see Fig. 2 ).
Different 3'-end primers were used to amplify each rearranged V gene and its corresponding germline V gene. For the rearranged genes, the downstream primers generally derived from the CDR3 region (la9cl, ha3d 1), the Jh4 downstream exon/intron border (halcl, Humha4c2), the Jkl region (ka3dl ), or the JX downstream exon/intron border (Humlalc2). The la9clDlc primer (where "D" and the last "c" denote, respectively, Downstream, and the complementary strand; 5 '-aacac-ccaca-cgaag-ttggt-3') corresponds to a 20-bp region that straddles the V-J junction of la9cl. The ha3dlDlc primer (5'-agtcg-ccccc-tctgt-atccg-ct-3') is complementary to a 22-bp region in the CDR3 of ha3dl. The halflOJh4Dlc primer (5'-ctyac-ctgas-ggacggtga-3') corresponds to a 20-bp region that straddles the downstream exon/intron border ofJhl, 4, 5, and 6 genes (27); this primer has two degeneracies, one to accommodate a difference among the four Jh genes and one to accommodate a silent mutation in the HumhalflO sequence (8) . The Jklc primer (5'-cgttt-gattt-ccacc-ttggt-3') corresponds to a 20-bp region in the Jkl region (28) . The JX2Dlc primer (5'-gagaa-gagac-tcacc-tagga-c-3') corresponds to a 21-bp region that straddles the downstream exon/intron border of JX2 (29) .
For the germline genes, the downstream primers were designed generally to be complementary to the conserved recombination signal sequence region ofthe appropriate heavy or light chain gene family, and included degeneracies wherever necessary. The names and the complementary sequences ofthese primers are given in Figs. [1] [2] [3] [4] [5] [6] . In all cases, the upstream primers had SalI sites at their 5'-ends, while downstream primers had either BamHI, PstI, NotI, or KpnI sites at their 5'-ends.
PCR-based cloning of the rearranged V genes and their germline counterparts. To During the isolation of the germline counterpart of ha4c2 from JC DNA with the ha4c2U ls and hv4Dlc primers, the colonies of amplified DNA were screened with the ha4c2U2s oligomer (5'-gggat-ccagacatgg-ggata-3'). Hybridization was done in 5X SSC/5X Denhart's solution/0.5% SDS/5 mM EDTA at 58°C. 
Results
Identification and characterization ofthe germline heavy chain Vgenefor the Cl IgG RF. The rearranged heavy chain V gene from the Cl hybridoma was amplified with halclUls and halflOJh4Dlc; haIclUls (underlined in Fig. 1 ) corresponds to a 20-bp stretch ofthe halcl cDNA sequence that is identical to the most homologous HumhvlflO (8) . Sequence analysis of the amplified DNA showed that the intron sequence of halcI differs by two nucleotides from that of hvlflO and 21-2 (Fig.  1 ) ; the latter two genes differ from each other by only one nucleotide (at the nucleotide position -262, Fig. 1 ) over a stretch of614 bases (8, 31 ) . The data suggested that halcI may be encoded by either hvlflO, 21-2 or a new Vhl gene yet to be cloned.
To differentiate among these possibilities, we first used the 21-2U ls primer to reclone the halcl rearranged gene; 21-2Uls corresponds to a 5' flanking region sequence located upstream ofthe single base insertion/deletion difference among 21-2 and hvlflO; the latter was cloned previously by PCR using 21-2Uls as the upstream primer (8) . Sequence analysis ofthe amplified DNA showed that it matched the halcI rearranged gene in the overlapping regions, demonstrating that the amplified DNA represented an extended version of the halcI rearranged gene (Fig. 1) . The additional 5' sequence of halcl was completely identical to hvI fl 0, but differed from 21-2 by one missing base. The result ruled out 21-2 as the germline origin of halcI.
Then, germline DNA from the donor patient JC was amplified with halclUls and hvlDlc (Fig. 1) . HvlDlc contains two degenerate positions and matched completely to all known functional Vh 1 genes in the conserved recombination signal sequence region. When eight clones ofthe amplified DNA were chosen randomly for sequencing, all were identical to hvlflO except for few independent point mutations, which apparently represented PCR artifacts. Similar results were also obtained when JC DNA was amplified with 21-2Uls and hvlDlc. Accordingly, hvlflO is most likely to be the germline origin of halcl, and the difference between halcI and hvlflO represent somatic mutations (Fig. 1 ). There are 30 nucleotide differences over a region of 652 bp, indicating that halcl is highly mutated. The mutated bases include five in the leader and leader' region, two in the intron region, and 23 in the coding region (including 11 
TrCCAACAMCCA CCTCTACAGAAGCCTCTGAGAGGAAAGTTCTTCACCATGGACTGGACCTGGAGGGTCTTCTGCTTCCTGGCT -107 
Humlv4 18) had been isolated previously (32) (33) (34) (35) . Lv90 1 contains the correct GT donor and AG acceptor signal sequences for RNA splicing, and the consensus heptamer recombination signal sequence. However, it has a stop codon (TAA) at the very end of the V gene coding region (corresponding to amino 98 316 anti-ganglioside, and the M030 anti-HIV Vh cDNAs (8, 31, 48, 60) . The complete nucleotide and amino acid sequences of hvlflO are given; all other sequences are given only at the positions where they differ from hvlflO in the overlapping regions. The replacement amino acid residues of halfl0 are given; the bars denote identities, while the dots denote the unknown regions and the introns. The regions of three oligomers are underlined and their names are given; the "R" and "M" in the hvlDlc primer denote A and G, and A and C, respectively. The CDRs, and the splice and the recombination signal sequences are marked. The sequence data for halcl are available from EMBL/GenBank/ DDBJ under accession number U03892.
acid position 105 in the 3rd CDR), 2 nucleotides before the canonical heptamer sequence (Fig. 2) . Therefore, lv901 is a pseudogene. Of note, lv90 1 is identical to the recently reported DPL22, which contained only the coding and the conserved heptamer region ( 17 ) .
CCCACAC=ACACAGGCAGAGGgGAASHAGA,:MDAAC= (Fig. 3) . Hv4c2 is identical to 4.1 1 in the coding region, and differs from 71-4 by one single base, resulting an amino acid change from Ile in hv4c2 to Val in 71-4 at amino acid position 29 (31, 37) . Importantly, none of the clones were found to have an extended CDR2 similar to the CDR2 of ha4c2. Taken together, these data show that hv4c2 is almost certainly the germline counterpart of ha4c2, and thus provide further support for the proposed segmental duplication ofa portion ofCDR2 in ha4c2 (Fig. 3) . In addition to this 1 
Pag-1 Identification and characterization of the germline light chain Vgenefor the C2 IgG RE. The C2 rearranged light chain gene was amplified with lalc2Uls and JX2Dlc; lalc2Uls corresponds to a lalc2 sequence that is identical to lv ILl (9). Subsequently, lalc2U Is was paired with lvl 17DIc to clone the corresponding germline gene; Ivl 17Dlc was complementary to a region shared by many VX1 germline genes (9, 34) . Seven clones from the amplified DNA were sequenced; three were found to be identical to each other, but differed from all known human VX 1 germline genes, and thus represented a new germline VXl gene. This gene is 97% homologous to lalc2 over a region of481 bases, and differs from lalc2 by only two nucleotides over a stretch of 188 bp in the 5' flanking, leader, intron and leader' regions. Combined, these data suggest that this VXI germline is the germline counterpart of lalc2; thus, the new gene was designated Humlvlc2. Of the remaining four clones, two were identical to each other, and to lvIc2 in the coding region, but differed from lvlc2 by one single base in the intron (Fig. 4) . These two sequences apparently represent another new VXA germline gene closely related to lvlc2; the new gene was designated Humlvlc2c. The last two clones were identical to each other, and differed from the IvlLl gene by one single base (changing from G in IvlLl to A at 13 bp downstream of the heptamer recombination signal sequence region), and thus represent an additional new VX1 germline gene, designated HumlvlLla (Fig. 4) . Of note, lvlc2 and lvlc2c are identical to the recently reported DPL1 in the coding region ( 17) ; the reported DPL1 gene contained only the coding region sequence. In addition to the two different bases between laIc2 and lvlc2 noted earlier, lalc2 differs from lvlc2 by 13 bases in the coding regions; these deviations most likely represent somatic mutations. There are nine mutations in the FRs, ofwhich three are replacement changes, and four mutations in the CDRs, of which three are replacement changes. This gives a R:S ratio of 0.5 for the FRs and 3.0 for the CDRs.
Identification and characterization of the germline heavy chain Vgenefor the Dl IgG RE. Previously, we reported that the coding region of the ha3d 1 cDNA sequence was most homologous to VH26 (9) . Subsequently, the ha3dl cDNA sequence was extended to 80 bases upstream of the leader region by sequencing additional ha3dl clones. Surprisingly, the 5' flanking region of ha3dl was more similar to hv3005 and 12-2 than to the VH26 gene (31, 40) . Accordingly, an upstream primer (ha3dlUls) corresponding to a conserved region between ha3dl and hv3005 was prepared and was paired with ha3dlDIc to amplify the ha3dl rearranged gene. Subsequently, when we were ready to clone the ha3d1 germline gene, we noted that the ha3dl cDNA sequence was most homologous to the newly reported N80P1M cDNA sequence (41 ) . Accordingly, we prepared a primer (ha3dIU2s) that corresponds to an identical region shared by ha3dl and N80P1M, and is located further upstream of ha3dlUls. Germline DNA from patient AD was amplified with ha3dlU2s and hv3Dlc; the latter primer contained two degenerate positions and matched completely to all known functional human Vh3 germline genes in the conserved recombination signal sequence region (31, 40) (Fig. 5) . Seven clones from the amplified DNA were chosen randomly for sequence analysis; three clones were found to be almost identical to each other (except for few single base differences probably due to PCR artifacts) 
... beginning/ ---------------------A-C-T -------C-----------C------------------------TGGGGACCAAGAGAGAGGCTCTCGGAAGCCCATGCGACCCTGCTTTCTCCTCTTGTCTCCTTTTGTCTCTTGTCAATCACCATGTCTGTG ------------A--G---C--------------G--G-----------------------1 **lyS W A Q S V L T Q P P S V S E A P R Q R V T I S lvlc2 TCTCTCTCACTTCCAGGGTCCTGGGCCCAGTCTGTGCTGACTCAGCCACCCTCGGTGTCTGAAGCCCCCAGGCAGAGGGTCACCATCTCC ------------------+---------+------------------+---------+Gly------+---------+---------+ lalc2 --------T---------------------------T------------------------G---------------------------
- lvlLl -----------------------------------------------------A-C-----GGA-----G -------------------T
---------GlyAsn----+-----------------+--------+---------+---Gln---+---------His--+ ---------G---A----------------------------------A------------C--------------------C---------------------------------G----A------------------------------C---C ------------------AG-

CDR2 D D L L P S G V S D R F S G S K S G T S A S L A I S G L Q S 81 GATGATCTGCTGCCCTCAGGGGTCTCTGACCGATTCTCTGGCTCCAAGTCTGGCACCTCAGCCTCCCTGGCCATCAGTGGGCTCCAGTCT 243 --------------------------------G--------------------------C-------------_T----------------A--A---A--G -------C--------------------------------
GAGGATGAGGCTGATTATTACTGTGCAGCATGGGATGACAGCCTGAATGGTCCCACAGTGCTCCAGGCCCAGGGGGAACAGAGACAAQC 333
------------------+---------+---------+--------Ala ------+-+-----------------+---lv117Dlc -----------C-----------------------------T-------C-/ VJ junction ---------------------------------------------------------------------A-T--------T---
CCCCCTTCTTC 344 lv117Dlc +- VgU2s primer corresponding to a sequence within the cloned tions, while there were two n ka3dl rearranged gene, and paired it with VgDlc to amplify chain and the C2 light chain. F germline DNA from patient AD (Fig. 6) ; VgDlc corresponds seven of eight rearranged V g to a 3' flanking region ofVg. Sequence analysis ofthe amplified tions, while the Cl heavy c] 
CDR3_ R S N W P *7-mer* **9-mer** 95 AGCGTAGCAACTGGCCTCCCACAGTGATTCCACATGAAACAAAAACCCCAACAGACCATCAGTGTT 335
.
Overall, by including the 5' flanking, leader and intron regions in the comparison of a rearranged V gene and its germline counterpart, the similarity is increased substantially. For example, the similarity between halcI and hvlflO increases from 92% in their coding regions to 95% for the entire regions. While assignment of hv 1 fl 0 as the germline gene for halcl based on the 92% similarity in the coding region may be too speculative, a more extensive comparison of halcI and hv 1 fl 0 over a stretch of 632 bases assures that the hvlflO assignment is likely to be correct. Therefore, the data from four synovium-derived IgG RFs demonstrate clearly the necessity to clone the rearranged genes of IgG autoantibodies in order to define their germline origins. Table I also compares mutations in the CDRs and the FRs of each expressed V gene. Note that the mutation frequency is always higher in CDRs than in FRs for each V gene; and the R/S ratio is always < 2.9 in FRs, but > 2.9 in CDRs, except for the Cl light chain. Together, these data support the contention that IgG RF production in the inflamed joints ofRA patients is driven and sustained by antigen, and not by polyclonal B cell mitogens.
Previously, the hv I Ll gene for the Ll IgG RF was noted to be identical to the 20P3 cDNA found in fetal liver, and to the heavy chain of the ML3 polyspecific IgM RF derived from a fetal spleen (46, 47 ) . The data led us to suggest that the Ll IgG RF probably arose from a physiological natural autoantibody (48) (49) (50) . Moreover, hv4c2 is identical to 58P2 from a fetal liver, and V3-48 is 99.3% homologous to N80P1M from a neonate (41, 46) . For the light chains, lv901 and Vg are respectively 100% and 99.7% homologous to the light chains of Cal 4G anti-erythrocyte and Kim 13.1 natural autoantibodies ( 17, 51 ) . In addition, Vg is identical to 38K from a fetal liver (52) . It should be noted that the light chain data are quite preliminary, as only very limited studies of autoantibody light chains and fetal expressed light chains have been reported (52) (53) (54) . Viewed as a whole, these data suggest that several potentially pathogenic RFs in RA patients arise from natural autoantibodies.
Human D minigenes have been implicated in the generation of CDRs of Vh genes during evolution (55, 56) . Accordingly, we compared the 18 additional bases in the CDR2 of ha4c2 with all human Dh genes, and found that a stretch of 11 bases (TATTA-TAGTG-G, positions 154-164 in Fig. 3) is highly homologous to the D2 gene ( TA TTG-TAGTG-G, positions 5-15), sharing 10/11 nucleotides (57). This finding raises the possibility that a human Dh gene may have participated in the somatic diversification of a heavy chain CDR2, in addition to CDR3. The V regions of Dl differ from the corresponding germline V genes by only one base in the CDR1 of ha3dl, resulting in an amino acid substitution from Ser to Asn (Fig. 5) . Previously, characterization offour high affinity IgG anti-DNA antibodies from non-autoimmune prone Balb/c mice revealed that the expressed Vh gene sequences are identical to the corresponding germline genes (45) . Moreover, one of the four expressed Vk genes (i.e., R4A. 12) is also identical to the K5.1 germline gene. This finding led the authors to suggest that high affinity autoantibodies may exist in a normal individual, but their expression is usually suppressed. In the future, it may be important to study the contribution ofthe Ser to Asn change in the Dl IgG RF, and to search for additional high affinity IgG autoantibodies with no somatic mutations, in order to determine the prevalence and significance of the germline gene encoded high affinity IgG autoantibodies in normal and disease states.
Although chicken VX pseudogenes diversify by gene conversion to generate the functional repertoire (58, 59) , usage of defective human V genes has not been observed. In this context, the usage of 1v901 by Cl RF shows that a human V gene with a stop codon in the coding region may still be expressed. In the future, it may be important to determine whether the expression of the lv90 1 pseudogene represents a normal event or an abnormality associated with diseases.
